These lectures contain an introduction in string theory with emphasize towards phenomenological applications. We present in particular the basis of orientifold constructions, the compactification from ten to four dimensions, intersecting brane world models, mechanisms for supersymmetry breaking, moduli stabilisation and the large extra dimensions models.
Introduction
The search for a microscopic quantum theory containing the four fundamental interactions : electromagnetic, weak, strong and gravitational haunted the greatest physicists of the twenties century, starting with the unified field theory program of Einstein. Since the discovery of the anomaly cancelation for superstrings in ten dimensions (10d) [1] , the construction of the heterotic strings [2] and the seminal papers on the compactification to four dimensions [3] , [4] , string theory has become the best candidate for a fundamental quantum theory of all interactions including Einstein gravity. The theory contains only one free dimensionfull parameter, the string scale M s , while the four-dimensional (4d) gauge group and the matter content are manifestations of the geometric properties of the internal space that, however, we are unable to select in a unique fashion. The Standard Model hopefully would correspond to a particular internal space or vacuum configuration chosen by nature by some still unknown mechanism. The 4d low-energy couplings depend only on the string scale and on various vacuum expectation values (vev's) of fields describing the string coupling constant, the size and the shape of the internal manifold. There is therefore, in principle, the hope to understand the empirically observed pattern of the parameters in the Standard Model. A long activity in heterotic strings [5] , [6] was devoted to this program [7] , in the hope that these rather tight constraints would determine in some way the right vacuum describing our world. Despite serious insights into the structure and the phenomenological properties of 4d models [5, 6] , no unique candidate having as low-energy limit the Standard Model emerged 2 . Moreover, there were (and there still are) conceptual problems to be solved, as for example the large degeneracy of the string vacua and the related problems of spacetime supersymmetry breaking and moduli stabilization. Most of these problems asked for a better understanding of the strong coupling limit of string theory, of which very little was known for a long time. The other string theories were, for a long time, discarded as inappropriate for phenomenological purposes. Type II strings were considered unable to produce a realistic gauge group, while Type I strings, despite serious advances made over the years [11, 12, 13, 14] , that revealed striking differences with respect to heterotic strings, were less studied and their consistency rules not widely known as for heterotic vacua.
By the middle of the last decade, it became clear that all known string theories are actually related by various dualities to each other and to a mysterious eleven dimensional theory, the so-called M-theory [15] . It therefore became possible to obtain some nonperturbative string results, at least for theories with enough supersymmetry. Moreover, the discovery and the study of D-branes [16] put the duality predictions on a firmer quantitative basis and, on the other hand, was an important step in unraveling the geometric structure underlying the consistency conditions of orientifold vacua, stimulating a new activity in this field [17] . The first chiral 4d Type I model was proposed [18] , and efforts on 4d model building allowed a better understanding of supersymmetric 4d vacua [19] and of their gauge and gravitational anomaly cancelation mechanisms [20] , similar to the 6d generalized Green-Schwarz mechanism [21] . The presence of D-branes in orientifold models led to new mechanisms for breaking supersymmetry by compactification [22] , by internal magnetic fields [23, 24] and their T-dual version, the intersecting brane worlds [28] or directly on some (anti)branes [30, 31, 32] , providing perturbatively stable non-BPS analogs of Type IIB configurations [34] . More recently, various NS-NS and RR fluxes in type II string theories [38] brought a new perspective on the moduli stabilization problem, of crucial importance for phenomenological applications [39] .
On the phenomenological side, the M-theory compactification of Horava and Witten [37] , with a fundamental scale M 11 ∼ 2 × 10 16 GeV, provided a framework [40] for the perturbative MSSM unification of gauge couplings [41] , and stimulated studies of 4d compactifications [42, 43] and of supersymmetry breaking along the new (eleventh) dimension [44, 42, 72] . Moreover, it was noticed [46] that in Type I strings the string scale can be lowered all the way down to the TeV range. Similar ideas appeared for lowering the fundamental Planck scale in theories with (sub)millimeter gravitational dimensions [47] , as an alternative solution to the gauge hierarchy problem, and, simultaneously, a new way for lowering the GUT scale in theories with large (TeV) dimensions [48] was proposed. The new emerging picture found a simple realization in a perturbative Type I setting [49] with low string scale. On the other hand, a new perspective on the dynamical (technicolor-like) mechanisms for electroweak symmetry breaking appeared in strongly curved (or warped) compactifications [50] , in which the strongly coupled theory has a weakly coupled, dual gravitational description via the AdS/CFT correspondence [51] . In a noncompact version of this proposal, gravity is localized and a standard 4d cosmology arises without the standard problems of compactified higher-dimensional theories.
The goal of the present lectures is to present a comprehensive review on the basic necessary tools for an phenomenologically oriented string theorist and to introduce the new ideas underlying the modern string phenomenology. The convention for the metric signature throughout the paper is (−, +, · · · +), ten-dimensional (10d) indices are denoted by A, B, · · · , eleven dimensional indices by I, J, · · · , five-dimensional (5d) indices by M, N, · · · and fourdimensional indices (4d) by μ, ν, · · · . a statistical manner the low energy physics, by invoking anthropic type arguments for the cosmological problem [9] and eventually the hierarchy problem [10] .
String theories and D-branes : spectra and dualities
To date, the (super)strings are the only known consistent quantum theories including Einstein gravity. They are therefore promising candidates for a unifying picture of elementary particles and fundamental interactions.
It has been known for a long time that there are five consistent (anomaly-free) superstring theories in 10d, namely:
-The heterotic closed string theories, with gauge groups SO (32) and E 8 × E 8 and N = 1 spacetime supersymmetry, that after a toroidal compactification corresponds to N = 4 supersymmetry in four dimensions. There are also nonsupersymmetric heterotic vacua, in particular a non-tachyonic one based on the gauge group SO(16) × SO(16) [52, 53] .
-The (non-chiral) Type IIA and (chiral) Type IIB closed string theories, with 10d N = 2 spacetime supersymmetry, that after a toroidal compactification corresponds to N = 8 supersymmetry in four dimensions. Of particular importance in type II theories are the presence in the massless spectrum of Ramond-Ramond forms of odd (even) rank for type IIB (type IIA). As shown by Polchinski [16] , their presence signals the presence of localized dynamical objects, the BPS D-branes, of worldvolume dimension appropriate to couple to the Ramond-Ramond (RR) forms, more precisely :
IIB : D1, D3, D5, D7 and D9 IIA : D0 , D2, D4, D6 and D8 For type IIB, there is also an instanton-like BPS object, the D(-1) brane. Moreover, since the D9 brane is a space-filling object, only non-BPS D9-D9 pairs are actually possible. D-branes are dynamical, since they contain gauge and matter fields living on their vorldvolume. In a toroidal compactification, M coincident Dp-branes have an N = 4 4d supersymmetric spectrum and generate a gauge group U (M ), with M 2 gauge bosons coming from open strings |i,j with the two ends on any D-brane, i = 1 · · · M . They are described by Chan-Paton hermitian matrices λ ij . Splitting the M D-branes into two groups of coincident M 1 and M 2 branes, with M 1 + M 2 = M breaks the gauge group into U (M 1 ) ⊗ U (M 2 ). As shown in a series of papers by A.Sen, the complementary branes also exist but they are non-BPS with a non-supersymmetric open string spectrum and are unstable [34] . In particular, there is a complex open-string tachyon, whose condensation could play a role in cosmology [35] .
-The Type I open string theory, with gauge group SO (32) and N = 1 10d supersymmetry. The theory contains D1, D5 and D9 BPS branes and also non-dynamical mirror-like hyperplanes of spacetime dimension two, six and ten called O1, O5 and O9 planes. If D branes are noncoincident with the O-planes (more precisely, no massless states in the mixed D-brane / O-plane Mobius amplitude), the gauge group is unitary, but physical states have to be invariant under a mirror symmetry defined by the O-planes, called orientifold projection. If the D-branes are coincident with the O-planes, (more precisely, there are massless states in the mixed D-brane / O-plane Mobius amplitude), the gauge group is broken by the orientifold projection to to orthogonal O(M ) or USp(M ) gauge groups [55] , depending on the nature of the O-planes. This theory can be defined more precisely as a projection (orientifold) type I = type IIB/Ω of the Type IIB string [11] , as we will see in more detail later on. The massless modes of the above superstring theories and their interactions are described by the known effective 10d supergravity theories, namely:
-The low energy limit of the the two heterotic theories and of the Type I open string are described by the ten dimensional N = 1 (or (1, 0)) supergravity, coupled to the super Yang-Mills system based on the gauge groups E 8 × E 8 and SO (32) , respectively.
-The low energy limit of the Type II strings is described by the N = 2 Type IIA supergravity (with (1, 1) supersymmetry) and Type IIB supergravity (with (2, 0) supersymmetry).
The above picture evolved considerably in the last ten years, in the sense of connecting seemingly different string theories. First of all, the T-duality of type IIB and IIA strings, which in particular maps the even RR forms of type IIB into the odd RR forms of type IIA, maps also appropriately the corresponding D-branes. Indeed, a T-duality in a coordinate parallel to a Dp brane generate a D(p − 1) brane perpendicular to the T-dual coordinate, whereas a T-duality in a coordinate perpendicular to the Dp brane generates a D(p + 1) brane parallel to the T-dual coordinate. Secondly, from the very beginning of their construction, it was a puzzle that the heterotic SO(32) and the Type I ten dimensional strings share the same low-energy theory. Indeed, the two low-energy actions coincide if the following identifications are made
where M I , M H are the heterotic and Type I string scales and λ I , λ H are the corresponding string couplings. A natural conjecture was made, that the two string theories are dual (in the sense of the weak-strong mapping of the gauge coupling ) to each other [57, 58] . New arguments in favor of this duality came soon: -The heterotic SO(32) string can be obtained as a soliton solution of the Type I string [59] .
-There is a precise mapping of BPS states (and their masses) betwwen the two theories. If we compactify, for example, both theories to nine dimensions on a circle of radius R I (R H ) in Type I (heterotic) units, we can relate states with the masses
where n, l (n, m) are Kaluza-Klein and winding numbers on Type I (heterotic) side. It is interesting to notice in this formula how perturbative heterotic winding states (m) become non perturbative on the Type I side. An important role in checking dualities in various dimensions is played by the D-branes [16] , which correspond on the heterotic side to non perturbative states. A second, even more surprising conclusion, was reached in studying the strong coupling limit of the ten dimensional Type IIA string. It was already known that a simple truncation of eleven dimensional supergravity [56] on a circle of radius R 11 gives the Type IIA supergravity in 10d, and that the Type IIA string coupling λ is related to the radius by [57] 
On the other hand, if we consider Kaluza-Klein masses of the compactified 11d supergravity and map them in Type IIA string units, we find
Therefore, on Type IIA side, they can be interpreted as non perturbative, and, with a bit more effort, as BPS D0 brane states. The natural conclusion is that in the strong coupling limit λ → ∞ of the Type IIA string, a new dimension emerges (R 11 → ∞ using (3)) and the low energy theory becomes the uncompactified 11d supergravity [60] , [57] ! As there is no known quantum theory whose low energy limit describes the 11d supergravity, a new name was invented for this underlying structure, the M-theory [15] . Soon after, Horava and Witten gave convincing arguments that the 11d supergravity compactified on a line segment S 1 /Z 2 (or, equivalently, on a circle with opposite points identified) should describe the strong coupling limit of the E 8 × E 8 heterotic string [37] . They argued that the two gauge factors sit at the ends of the interval, very much like the gauge quantum numbers of open strings are sitting at their ends. The basic argument is that only half (one MajoranaWeyl) of the original (Majorana) 11d gravitino lives on the boundary. This would produce gravitational anomalies unless 248 new Majorana-Weyl fermions appear at each end. This is exactly the dimension of the gauge group E 8 .
Finally, let us notice that in ten dimensions the Type IIB string is conjectured to be self-dual in the sense of an SL(2, Z) strong-weak coupling S-duality. Moreover, the SO(32) heterotic string compactified on a circle of radius R is T-dual to E 8 × E 8 heterotic string compactified on a circle of radius 1/R. By combining all the above information one can build a whole web of dualities, which becomes richer and richer when new space dimensions are compactified [61] .
Orientifolds and the Type I string
The Type I string describes the dynamics of open and closed superstrings. Denoting by 0 ≤ σ ≤ π the coordinate describing the open string at a given time, the two ends σ = 0, π contain the gauge group (Chan-Paton) degrees of freedom and the corresponding charged matter fields. The open string quantum states can be conveniently described by matrices
where i, j = 1 · · · M denote Chan-Paton indices and k other internal quantum numbers. At the ends of open strings, we must add boundary conditions, which for string coordinates can be of two types
where the two different possibilities denote the Neumann (N) and Dirichlet (D) strings. As will be explained later on, even if we start with a theory containing only Neumann strings, the Dirichlet strings can arise after performing various T-duality operations or in orbifolds containing Z 2 -type elements. Since by joining two open strings one can create a closed string, propagation of closed strings must be added for consistency. The corresponding quantum fluctuations produce the closed (gravitational-type) spectrum of the theory, neutral under the Chan-Paton gauge group, that always contains the gravitational (super)multiplet. The string oscillators are defined by the Fourier modes of the string coordinates. For closed string coordinates, the oscillator expansion reads
The usual canonical quantization gives the commutators for the left movers [α 
Type I can be seen as a projection (or orientifold) of Type IIB theory, obtained by projecting the Type IIB spectrum by the involution Ω, exchanging the left and right closed oscillators α 
Ω is by definition an involution, i.e. Ω 2 = 1. The action of Ω on the zero-modes (compactification lattice) of closed strings is by interchanging left and right momenta p L ↔ p R . Ω acts as a truncation in the closed string spectrum, keeping in particular one linear combination of the two gravitini (and dilatini) of type IIB superstring and projecting out the orthogonal linear combination. The truncation produces therefore a gravitational anomaly, which asks for its cancellation the presence of additional fermions in the spectrum from the open string sector.
As will be seen in the next subsection, the orientifold projection introduces, from the worldsheet point of view, new surfaces in the Polyakov topological expansion of the string perturbation theory. From the spacetime viewpoint, they correspond to non-dynamical, mirror-like objects called orientifold planes, defined by T-duality as fixed points of the orientifold projection. More precisely, let us T-dualize a compact coordinate X(τ, σ) = X(τ − σ) +X(τ + σ), of radius R, on which Ω acts according to (9) . After T-duality, the new closed string coordinate and the corresponding orientifold projection are defined as
The orientifold projection acts therefore on X as Ω = Ω Π X , where Π X is a spacetime parity in X . The new orientifold operation Ω has two fixed hypersurfaces of spacetime dimension nine
called O8 planes. By T-dualizing again we find Ω = Ω Π 1 Π 2 whose fixed surfaces (on a square torus of radii R 1 and R 2 , for simplicity ) are the four O7 planes of coordinates
One subtlety arises however, namely a parity in two (or more generally an even number of) coordinates is a π rotation in a two-plane, whose square is the spacetime fermion number (−1) F . Summarizing, n T-dualities generates 2 n non-dynamical O(9 − n) planes and the orientifold projection acts on the various closed string states according to
where (−1) F L is the spacetime left fermion number. The peculiarity of the O-planes is that they have negative tension, which is consistent since they are non-dynamical objects, with no degrees of freedom localised on their world-volume. Their tension can be computed from the string propagation between the O-planes, described by the Klein bottle (see the next section for its definition) and the result for an Op plane of standard type is
where T Dp is the tension of one Dp brane. The type I superstring is only a particular example of an orientifold construction, which can be defined more generally as IIB/Ω or IIA/Ω , where Ω = Ω × g, and g is a spacetime and/or worldsheet involution g 2 = 1. The geometry and the nature of the O-planes depend on the details of the operation g, as we will see in some specific examples later on. The orientifold projection has generically a nontrivial action on the Chan-Paton factors
, where γ
as a consequence of Ω 2 = 1. [11] , in analogy with twisted states in orbifold compactifications of closed strings. The perturbative, topological expansion in orientifolds involves two-dimensional surfaces with holes h, boundaries b and crosscaps c. Each surface has an associated factor λ −χ , where
is the Euler genus of the corresponding surface. Tree-level diagrams include, in addition to the sphere with genus χ = 2, the disk with one boundary χ = 1, where open string vertex operators can be attached, and the projective plane RP 2 with one crosscap (χ = 1) . One-loop diagrams include, in addition to the usual torus T with one handle, the Klein bottle K with two crosscaps, the annulus A with two boundaries and the Möbius M with one boundary and one crosscap, all of them having χ = 0 . The last two diagrams allow the propagation of open strings with Chan-Paton charges |k; ij > in the annulus and |k; ii > in the Möbius, containing the gauge group and the charged matter degrees of freedom. On the other hand, the torus and the Klein bottle describe the propagation of closed string degrees of freedom.
One-loop string diagrams may be constructed as generalizations of the one-loop vacuum energy in field-theory. In d noncompact dimensions, the contribution of a real boson of mass m to the vacuum energy in field theory is
where we introduced a Schwinger proper-time parameter through the identity
and where we also neglected in (17) an (infinite) irrelevant mass-independent term. The result (17) readily generalizes to the case of more particles in the loop with mass operator m and different spin, as
where Str takes into account the multiplicities of particles and their spin and reduces in 4d to the usual definition Str m 2k = J (−1) 2J (2J + 1) tr m 2k J , where m J denotes the mass matrix of particles of spin J.
The generalization of (19) to the Type IIB torus partition function in d noncompact (and 10 − d compact) dimensions is (keeping only internal metric moduli here for simplicity)
where q = exp(2πiτ ) and τ is the modular parameter of the torus, L 0 ,L 0 are Virasoro operators for the left and the right movers, (−1) G ((−1)Ḡ) is the world-sheet left (right) fermion number implementing the GSO projection and P an operator needed in orbifold compactifications (see Section 4) in order to project onto physical states. In (20) , the χ's are a set of modular functions of the underlying conformal field theory, Γ (10−d,10−d) rs is the contribution from the compactification lattice depending on the compact metric components g ij and X is a matrix of integers. The integral in (20) is performed over the fundamental region
and the Im τ factors come from integrating over noncompact momenta. The typical form of the characters is
where h r is the conformal weight, c is the central charge of the conformal field theory and the d r n are positive integers. Let us start with a brief review of the algorithm used in the following. This was introduced in [12, 13] , and developed further in [64] . The starting point consists in adding to the (halved) one-loop torus amplitude the Klein-bottle K. This completes the projection induced by Ω, and is a linear combination of the diagonal contributions to the torus amplitude, with argument qq. Then one obtains 3
with τ 2 the proper time for the closed string and Γ
(iτ 2 , g ij ) the contribution of the compactification lattice. In order to identify the corresponding open sector, it is useful to perform the S modular transformation induced by
thus turning the loop-channel Klein-bottle amplitude K into the tree-level channel amplitude. The latter describes the propagation of the closed spectrum on a cylinder of length l terminating at two crosscaps 4 , and has the generic form
is the Poisson transform of Γ K,r and the coefficients Γ r can be related to the one-point functions of the closed-string fields in the presence of a crosscap. Alternatively, in a spacetime language, the Ω involution has fixed (hyper)surfaces called orientifold (O) planes, carrying RR charge. The Klein bottle amplitude is then interpreted as describing the treelevel closed string (e.g. graviton, dilaton and RR fields) propagation starting and ending on orientifold (O) planes. Since the modulus of the Klein loop amplitude is 0 ≤ τ 2 < ∞, the τ 2 integral is not cut in the ultraviolet (UV) and is generically UV divergent. Physically, this divergence is related to the presence of an uncanceled RR charge from the O planes, which asks for the introduction of D branes and corresponding open strings. It will be important later on to distinguish between several types of O-planes. First of all, in supersymmetric models there are O + planes carrying negative tension and RR charge and O − planes carrying positive tension and RR charge, in order to preserve supersymmetry. In nonsupersymmetric models, there can exist O + planes with flipped RR charge compared to their supersymmetric O + cousins, but with the same NS-NS couplings, therefore breaking supersymmetry. Analogously, we can define O − planes, starting from O − planes and flipping only the RR charge. We will exemplify later on in detail the couplings of these four different types of O-planes to supergravity fields in different models.
The open strings spectrum may be deduced from the closed-string spectrum in a similar fashion. A very important property of one-loop open string amplitudes is that they all have a dual interpretation as tree-level closed string propagation between D-branes and/or O-planes. First, the loop-channel annulus amplitude may be deduced from the tree-level channel boundaryto-boundary amplitude. This has the general form [12] (see also [14] )
where the coefficients B r can be related to the one-point functions of closed-string fields on the disk and on the RP 2 crosscap. In a spacetime interpretation, the annulus amplitudes describe open strings with ends stuck on D branes. The relevant S modular transformation now maps the closed string proper time l on the tube to the open-string proper time t on the annulus, according to
The direct-channel annulus amplitude then takes the form
where L 0 in (28) is the Virasoro operator in the open sector, the n's are integers that have the interpretation of Chan-Paton multiplicities for the boundaries (D branes) and the A r are a set of matrices with integer elements. These matrices are obtained solving diophantine equations determined by the condition that the modular transform of eq. (28) involves only integer coefficients, while the Chan-Paton multiplicities arise as free parameters of the solution. Supersymmetric models contain only D-branes, i.e. objects carrying positive RR charges. Nonsupersymmetric models ask generically also for antibranes, objects carrying negative RR charges but with NS-NS couplings identical to those of branes. Finally, the tree-level channel Möbius amplitudeM describes the propagation of closed strings between D branes and O planes (or boundaries and crosscaps, in worldsheet language), and is determined by factorization fromK andÃ. It contains the fields (characters) common to the two amplitudes, with coefficients that are geometric means of those present inK andÃ [12] , [13] . Thus (29) where the hatted characters form a real basis and are obtained by the redefinitionŝ
The loop-channel Möbius amplitude can then be related toM by a modular P transformation and by the redefinition (30)
This is realized on the hatted characters by the sequence P = T 1/2 ST 2 ST 1/2 , with S the matrix that implements the transformation τ → −1/τ and T the diagonal matrix that implements the transformation τ → τ + 1. The direct-channel Möbius amplitude then takes the form
where by consistency the integer coefficients M r a satisfy constraints [65] that make M to be the orientifold Ω projection of A. The full one-loop vacuum amplitude is
where the different measures of integration are left implicit. In the remainder of this paper, we shall often omit the dependence on world-sheet modular parameters. The absence of UV divergences (l → ∞ limit) in the above amplitudes asks for constraints on the Chan-Paton factors, called tadpole consistency conditions [63] . They are equivalent to the absence of tree-level one-point functions for some closed string fields and ensure that the total RR charge in the theory is zero. In the notations used here, they read
and generically determine the Chan-Paton multiplicities, that in ten dimensions equals M = 32. The tadpoles for RR fields can be related [63] to inconsistencies in the field equations of RR forms (often reflected in the presence of gauge and gravitational anomalies). Indeed, D branes and O planes are electric and magnetic sources for RR forms. The Bianchi identities and field equations for a form of order n then read (in the language of differential forms )
where the subscript on the electric and magnetic sources denotes their rank. The field equations of an n-form A n are globally consistent if
for all closed (sub)manifolds C 9−n transverse to the D-brane worldvolume. In particular, in a compact space the RR flux must be zero, and this gives nontrivial constraints on the spectrum of D-branes in the theory. The sources generated by D-brane /O-planes in the field eqs. of the RR field A n are generically of the form
where q
are the RR charges of the D-branes / O-planes with respect to the RR form A n and dV n+1 is the volume element n + 1 form on the branes/O-planes worldvolume. The RR tadpole conditions is then the global neutrality condition
and clearly asks for objects with positive and negative charges in order to be satisfied. The presence of negative charges in a consistent string compactification is the main reason to introduce orientifolds. The situation is different for NS-NS tadpoles. Indeed, suppose that there is a dilaton tadpole, of the type exp(−Φ) in the string frame, generated by the presence of (anti)brane-(anti)orientifold Dp-Oq systems. The dilaton classical field equation reads
where A, B = 1 · · · 10 and y i denote the position of the brane-orientifold planes in the space transverse to the brane. The uncancelled dilaton tadpole is expressed as
The first inequality means that, around the flat vacuum, the r.h.s. source in (39) does not integrate to zero and violates the integrability condition coming from the l.h.s. of (39) . As stressed in [66] , however, this simply means that the real background is not the flat background, but a curved one. This explains the second equality in (40) , where C is any closed curve or (hyper)surface in the internal space. Explicit examples of such Type I backgrounds were given in [68, 69] .
Various D-branes and O-planes : BPS and non-BPS configurations
Like particles and antiparticles in quantum field theory, there are D-branes and anti D-branes in type II and orientifold spectra, differing in the sign of their RR charge. In perturbative constructions there are four types of orientifold planes. The analog of the particles p-objects (antiparticles, anti p-objects) satisfy BPS-type conditions. In type II strings with the two supercharges denoted Q,Q, they preserve 1/2 supersymmetry defined by
where Γ i in (41) denote gamma matrices along the directions transverse to the worldvolume of the objects, whereas Γ 11 = Γ 0 · · · Γ 9 denotes the fermion chirality in 10d. A model containing simultaneously objects and anti-objects clearly breaks completely supersymmetry. We display below the various (anti)objects appearing in orientifold compactifications, along with their tensions and RR charges, constrained in a specific model to satisfy the RR tadpole conditions (38) .
Tension RR charge Typical gauge group 
Compactification to four-dimensions
The 4d theories are defined after a compactificationà la Kaluza-Klein. Typically, the ten dimensional spacetime is decomposed as M 10 = M 4 × K 6 , where M 4 is our four dimensional Minkowski spacetime and K 6 is a compact manifold whose volume V traditionally defines the compactification scale
which defines the scale of the Kaluza-Klein mass excitations in the internal space. The compactification scale was also identified above with the grand unified scale M GU T in a naive string unification picture, because the field theory description breaks down above M c . However, we will see later that (42) can be substantially altered in string models with large extra dimensions.
The massless fields in a toroidal compactification are the zero modes of the 10d fields, that in more general settings depend on the topology of the compact space K 6 . If we denote by i, j six dimensional internal indices, then we have, for example, the following decompositions:
where in 4d g μν is the graviton, g μm , B μm are gauge fields and g mn are scalars describing the shape of the compact space. On the other hand, B μν and B mn are pseudoscalar, axion-type fields.
The toroidal compactification of superstring theories to four dimensions gives rise to spectra with N = 4 supersymmetry. This can easily be seen by decomposing massless 10d states, which fill representations of SO (8), into representations of SO(2) ⊗ SO(6) , where SO(2) refers to the four noncompact dimensions and SO(6) to the 6d toroidal compact space. Under this decomposition, a Majorana-Weyl 10d spinor (e.g. a supercharge) decomposes as 8 s = (2, 4) and corresponds to four supercharges in 4d. The number of unbroken 4d supersymmetries is more generally given by the number of covariantly constant spinors a satisfying
Their number N is governed by the holonomy group of the compact space. Imposing the SU (3) subgroup of SO (6) to be the holonomy group reduces to one the number of covariantly constant spinors, according to the decomposition
since only (2, 1) is SU (3) invariant. A well-known example of this type are the Calabi-Yau spaces [3] . Another particularly simple way of reducing the number of supersymmetries and of producing fermion chirality is to compactify on orbifolds [4] . 
where the space group S contains rotations θ and translations v and the point group P is the discrete group of rotations obtained from the space group ignoring the translations. A typical element of S acts on coordinates as X → θX+ v and is usually denoted (θ, v). The subgroup of S formed by pure translations (1, v) is called the lattice Γ of S. The identification of points of R d under Γ defines the torus T d . Points of T d can then be further identified under P to form the orbifold O d . This is clearly consistent only if P consists of rotations which are automorphisms of the lattice Γ. In most of the following sections we will be interested in 4d N = 1 orientifold models, obtained by orbifolding the six real (three complex) internal coordinates
by the twist θ (z 1 , z 2 , z 3 ) = (e 2iπv 1 z 1 , e 2iπv 2 z 2 , e 2iπv 3 z 3 ), where v ≡ (v 1 , v 2 , v 3 ) is called the twist vector and where for a Z N orbifold θ N = 1. The action of the orbifold on a 10d Majorana-Weyl spinor denoted as |s 1 s 2 s 3 s 4 >, where s i = ±1/2 are the helicities in the spacetime and the three compact torii, is given by
If v 1 ± v 2 ± v 3 = 0 with some fixed sign choice, with all v i = 0, the holonomy group is SU (3) and the orientifold has generically N = 1 supersymmetry (the N = 2 of the parent Type IIB model broken to half of it by the orientifold projection Ω) while if, for example, v 3 = 0 and v 1 + v 2 = 0, the corresponding orientifold has N = 2 supersymmetry. The group structure of the orientifolds we use in the following 5 is (1, Ω, θ k , Ωθ k ≡ Ω k ). The independent possible orbifolds were classified long time ago [4] and in 4d they are Z 12 and Z N × Z M for some integers N and M . All of the simplest corresponding orientifold constructions contain a set of 32 D9 branes. In addition, the ones containing Z 2 -type elements (Z 4 , Z 6 , Z 6 ,Z 8 , Z 12 , Z 12 ) have sets of 32 D5 branes, needed here for the perturbative consistency of the compactified theory. The presence of the D5 branes can be understood as follows. The orientifold group element Ω θ N/2 (and sometimes other elements, too) has fixed hyperplanes called O5 + planes, negatively charged under the (twisted) RR fields. By flux conservation, they ask for a corresponding set of D5 branes with opposite RR charge. The actual position of the D5 branes is not completely fixed. They can naturally sit at the orbifold fixed points or they can live "in the bulk" in sets of 2N branes in a Z N orbifold. This brane displacement [17, 73] can be understood as a Higgs phenomenon breaking the open string gauge group and the sets of 2N bulk branes can be regarded as one brane and its various images through the orbifold and orientifold operations. The projection operator introduced in eqs. (23), (28) and (32) is, for a Z N orbifold, expressed as
and therefore projects into orbifold invariant states P |phys > = |phys >. The untwisted massless closed spectrum, defined by
where Z i are the string coordinates of the three compact torii, is found by first displaying the right (and left) massless states
where
is the GSO projection in the R sector and j = 1, 2, 3 denote (complex) compact indices. The physical closed string spectrum is obtained taking left-right tensor products |L > ⊗ |R > invariant under the orbifold and orientifold involution. The compact space is flat, up a finite number of singularities, defined as the fixed points of the orbifold operation, whose number is given by
There are fields living only in the fixed points, the twisted states, coming from strings which are closed up to an orbifold operation
Each fixed point gives a physically distinct spectrum. If some fixed points are equivalent (they have the same massless spectrum), it results in a multiplicity of states in four dimensions. In the heterotic string constructions, which contain only closed strings, this degeneracy could account for the number of generations of quarks and leptons of the Standard Model. In the type II strings, orbifolds generate twisted RR forms and therefore the D-branes and the O-planes carry generically untwisted and twisted charges. In addition to the untwisted RR tadpole conditions (38) , there will then be additional, twisted RR tadpole conditions, which severely constrain the gauge group and the matter content of the orientifold models. The action of a twist element θ k in the open (N) and (D) sectors can be described by 32 × 32 matrices γ θ k ≡ γ k = (γ θ ) k acting on the Chan-Paton degrees of freedom denoted by λ (0) for gauge bosons and by λ (i) (i = 1, 2, 3) for matter scalars. Imposing that vertex operators for the corresponding physical states be invariant under the orbifold projection defines this action to be
Since θ N = 1, it follows from (53) that γ N = ±1. For γ N = 1 the gauge groups in the D9 and D5 brane sectors are subgroups of SO (32), while for γ N = −1 the D9 and D5 gauge groups are subgroups of U (16). The two choices correspond, in the notation of the previous section, to "real" charges n and to pairs of complex charges (m,m), respectively. For every element Ω θ k ≡ Ω k there is an associated matrix acting on the CP indices γ Ω k as
Since Ω 2 = 1 it follows also that γ Ω = ±γ T Ω . The corresponding Möbius amplitudes are multiplied by the multiplicity factor T r(γ
). Without loss of generality the matrices γ k can be chosen to be diagonal. The tadpole consistency conditions fix the size of the Chan-Paton matrices γ analogously to (34) , whereas correct spin-statistics for bosons and fermions in the loop channel and correct couplings of closed states to branes and O-planes in the tree-level channel determine the nature of gauge group and the gauge group representation of the charged matter content. A generic supersymmetric model contains in the closed and in the open spectrum states having a 10d origin, which contain a compactification lattice depending on all six compact coordinates ; they form the so-called N = 4 sector. There could also exist states having a 6d origin, with a compactification lattice depending on two compact coordinates, the so-called N = 2 sectors. Finally, there are states without any excitations in the compact coordinates, forming the N = 1 sectors.
Any string compactification has a large number of moduli fields, related to the sizes and the shape of the compact space and including the original 10d dilaton. A simple example is obtained by considering a compact two torus and the geometric fields : the metric (symmetric) g ij and antisymmetric tensor B ij = ij B with indices in the torus i, j = 1, 2. Then from the 4d point of view, the four fields organize into two complex fields
where T describes basically (its real part) the size of the torus and is generically known as a Kähler modulus, whereas U describes mostly the shape of the torus and is generically known as a complex structure modulus. In a flat space (no fluxes or warping) supersymmetric compactifications, the moduli fields have no scalar potential and are therefore flat directions of the 4d theory, associated to massless 4d fields, which generate unacceptable modifications of the gravitational force by inducing new macroscopic forces. Lifting the flat directions and stabilizing the moduli fields is one of the most important problems of string phenomenology. We will come back to this important issue in section 8 of these lectures.
Branes at angles : Intersecting brane worlds
One of the simplest ways of partially or totally breaking supersymmetry in orientifold models is by rotating the branes in the compact space. For definiteness we discuss in some detail the case of D6 branes in type IIA orientifolds. In this case, there are three angles θ 1 , θ 2 , θ 3 that one (or a stack of parallel and coincident) D6 brane(s) can make with the horizontal axis x 4 , x 6 , x 8 of the three torii of the compact space. The supercharge preserved by a given stack of D6 branes is
where P is the parity in the space transverse to the D6 brane(s). For example for "unrotated" D6 branes with worldvolume along x 0 · · · x 3 x 4 x 6 x 8 , the parity is equal to P = P 1 P 2 P 3 , where P 1 = Γ 4 Γ 11 , etc. In the absence of a second stack or orientifold planes, the number of supersymmetries of a stack of D-branes in a toroidal compactification is of course independent of the rotation in the compact space. For two distinct stacks of D-branes/O-planes, generically denoted for brevity as D (1) and D (2) , the relevant quantities are the relative angles θ
i . The supercharges preserved by each stack are Q + P (1)Q and Q + P (2)Q . The number of unbroken supersymmetries (supercharges) is then given by the intersection of the two supercharges, which is equal to the number of +1 eigenvalues of the matrix [P (1) ] −1 P (2) . Denoting by R the rotation needed to go from the brane D (1) to the brane D (2) , we find P (2) = R −1 P (1) R and moreover [P (1) ]
where the action of the double rotation on a 10d spinor is given by 
The outcome can be summarized as follows [25] :
In the compact space case, there are two important additional ingredients. First of all, the rotation of branes in the compact space is quantized, according to tan θ
where (m i [26] . This quantization reflects the fact that in each of the three two dimensional compactification lattices, the worldvolume of the brane should cross points identified by the lattice, such that the total internal volume of the branes stays finite. In the opposite case, the internal volume of the brane would be infinite which is inconsistent with the propagation of D6 branes in a compact space. The total internal volume of the brane D (a) is then
For two stacks of branes D (a) and D (b) , it can easily be shown geometrically that the number of times they intersect in the compact torus T 2 i is given by the intersection number
The remarkably simple property of the branes at angles constructions is that they easily generate 4d chirality. In the simplest (but unrealistic) example of the type IIA string with two sets of M a coincident D (a) and M b coincident D (b) D6 intersecting branes, the gauge group is
open spectra are non-chiral, whereas the strings stretched between the two sets of D-branes have a chiral fermionic spectrum in the representation (M a ,M b ) of the gauge group, of multiplicity equal to the total number of times the branes D (a) and D (b) intersect in the compact space
The second important additional ingredient in the compact space case is that, due to the positive RR charge of the D-branes, as already stressed, the RR tadpole consistency conditions in supersymmetric compactifications can be satisfied only by including the negative charge O-planes in orientifolds of type II strings. Furthermore, in the presence of non-trivial rotations, D-branes acquire additional RR charges which make impossible to satisft tadpole conditions in a toroidal compactification, whereas supersymmetric models can be found in orbifold compactifications [27] . This effect is easier to describe in the T-dual formulation of the type I string with unrotated but "magnetized" D9 branes D (a) , i.e. branes with internal magnetic fields H (a) i at the ends of the open strings. The effect of the magnetic field depends on the charges q L,R = ±1/2, 0 carried by the left and right string endpoints. The relation between the angles and the internal magnetic fields is θ
whereas the Dirac quantization condition is actually the T-dual version of the angle quantization (60) after the T-dualities R i2 = α /R i2 , with the ratio q
i being a generalized Dirac quantum. In this T-dual formulation, the induced charges on a D9 brane can be easily worked out starting from the Wess-Zumino couplings of D-branes to the RR fields in the presence of the magnetic fields. By expresing the result in the intersecting branes language, we find for a general configuration of D6-branes D (a) the RR tadpole conditions
The first tadpole condition in (65) comes from the D9 type couplings to the ten form A 10 , whereas the other three ones come from the three different D5 i type couplings to the six forms A 6,i . These last couplings are always present in orbifold compactifications containing Z 2 factors acting in four internal coordinates, which generate O5 planes as fixed points of the operation ΩZ 2 , which in turn ask for the presence of either D5 branes or appropriately magnetized D9 branes. In the IIA language with D6 branes at angles, the type I O9 plane becomes an O6 plane which can be characterized, in analogy with the D6 branes, by wrapping numbers
whereas the three different type of O5 i planes, i = 1, 2, 3 of type I orbifold compactifications become O6 i planes, characterized by the wrapping numbers
On the other hand, the condition that each stack of D-branes preserve the same N = 1 supersymmetry can be written as
where v i are the volumes of the three compact torii. The conditions (65), (68) 
Various quasi-realistic models along these lines were constructed in the last couple of years [28] . The generic Standard Model type construction contains four (or more) stacks, containing D-branes with a minimal gauge group
Out of the four abelian gauge factors, three are generically anomalous by mixing a la Stueckelberg with string axions and get masses of the order the string scale. One linear combination is massless and is to be identified with the hypercharge. The quarks and leptons come typically from the byfundamental states of the open strings stretched between the various D-brane stacks. Righthanded neutrinos are usually part of the massless spectrum, whereas the number of Higgs scalars is typically large, but it can be reduced in particular constructions.
Mechanisms for supersymmetry breaking.

The Scherk-Schwarz mechanism
The Scherk-Schwarz mechanism for breaking supersymmetry takes advantage of the presence of compact spaces in compactifications of higher-dimensional supersymmetric field theories or of superstrings. The main idea is to use symmetries S of the higher-dimensional theory which do not commute with supersymmetry, typically R-symmetries or the fermion number (−1) F . Then, after being transported around the compact space (a circle of radius R, for concreteness and coordinate 0 ≤ y ≤ 2πR), bosonic and fermionic fields Φ i return to the initial value (at y = 0) only up to a symmetry operation
where the matrix U ∈ S is different for bosons and fermions and x are noncompact coordinates. At the field theory level, (71) implies that the Kaluza-Klein decomposition on the circle is changed so that zero modes acquire a nontrivial dependence on the y coordinate, according to
where ω is a number, quantized in String Theory. The matrix U satisfies some additional constraints in supergravity in order for the generated scalar potential to be positive definite.
The ansatze considered by Scherk and Schwarz is U = exp(My), where M is an antihermitian matrix. Then kinetic terms in the y direction generate mass terms and break supersymmetry, the resulting fermion-boson splittings being equal to ω/R. This twisting procedure is very similar to the breaking of supersymmetry at finite temperature and, because of this, the terms breaking supersymmetry are UV finite, even at the field theory level. The mechanism can be applied in globally supersymmetric models, in supergravity models and in superstrings. The breaking, being induced by the different boundary conditions for bosons and fermions, is therefore an explicit breaking. However, at the supergravity level, it appears to be spontaneous.
In heterotic strings the only available perturbative method of breaking supersymmetry is the Scherk-Schwarz mechanism 6 . In this case, soft masses M SU SY ∼ R −1 are generated at treelevel for the gauginos, so that phenomenologically interesting values require R −1 ∼TeV. The reason for this is that the gauge fields live in the full (bulk) 10d space and directly feel [83] supersymmetry breaking. Phenomenological reasons ask therefore for radii of the TeV size, a rather unnatural possibility in heterotic models [45] , since it asks for a string coupling of the order of 10 32 . The most popular mechanism invoked in this case for breaking supersymmetry is gaugino condensation in a hidden sector [94] < λλ >= Λ 3 , while the transmission to the observable sector is mediated by gravitational interactions, and thus
This mechanism singles out intermediate scales Λ ∼ 10 12 − 10 13 GeV, naturally realized by the one-loop running of the hidden sector gauge coupling and could also be useful for purposes like neutrino masses or PQ axions. Gaugino condensation, however, is a nonperturbative field theory phenomenon and there is little hope to discover a string theory description of it. A third possibility is to start directly with nonsupersymmetric strings, possibly interpreted as models with supersymmetry broken at the string scale M SU SY ∼ M H . As M H is very large, however, this possibility was completely ignored since there was no clear way to solve the hierarchy problem in this case.
In models with D-branes there are two different ways in which supersymmetry can be broken by compactification in a phenomenologically interesting way. This is due to the two main new features of these theories:
-The Standard Model can be confined to a subspace (D-brane) of the full ten or eleven dimensional space.
-The string scale in these models can be lowered all the way down to the TeV range. There are essentally two distinct subclasses of constructions. In the first, the D brane under consideration is parallel to the direction of breaking and the massless D brane spectrum feels at tree-level supersymmetry breaking. This situation was called "Scherk-Schwarz" breaking in [22] , since it is the analog of the heterotic constructions [81] and the spectrum is a discrete deformation of a supersymmetric model. The corresponding spectra have heterotic duals. In the second class, the D brane under consideration is perpendicular to the direction of the breaking and the massless D brane spectrum is supersymmetric at tree-level. This was called "M-theory breaking" in [22] , since it describes in particular supersymmetry breaking in M-theory along the eleventh dimension [42, 44] . These models ask also for the presence of antibranes (and antiorientifold planes) in the spectrum, interacting with the branes. Supersymmetry breaking is transmitted by radiative corrections from the brane massive states or from the gravitational sector to the massless modes.
All RR and NS-NS tadpoles can be set to zero in both subclasses of these models. Moreover, in these models the closed (gravitational) sector has a softly broken supersymmetry.
Models based on non-BPS systems: Brane supersymmetry breaking
In these constructions [30, 31, 32] , the closed (bulk) sector is exactly supersymmetric to lowest order, whereas supersymmetry is broken at the string scale on some stack of (anti)branes.
Ex : the 10d USp (32) orientifold As already explained, there is an important difference between tadpoles of RR closed fields and tadpoles of NS-NS closed fields. While the first signal an internal inconsistency of the theory and must therefore always be cancelled, the latter ask for a background redefinition and remove flat directions, producing potentials for the corresponding fields and leading actually to consistent models [66] . The difference between RR and NS-NS tadpoles turns out to play an important role in (some) models with broken supersymmetry. Indeed, there is a consistent model in 10d described by the same closed spectrum as the SO (32) type I superstring, but with a nonsupersymmetric open spectrum. In this case the orientifold projection is Ω = Ω(−1) F L and breaks spacetime supersymmetry. Indeed, the massless gauge bosons are in this case projected by γ Ω = −γ T Ω , implying λ = λ T and the gauge group USp(N ), with N = 32 whereas the fermions are in the symmetric representation. The USp(32) model is interpreted as an "exotic" O9 − plane of positive RR charge (instead of the negative charged O9 + of the supersymmetric case), asking for 32 D9 (anti) branes in the open sector. The D9-O9 − system is our first example of a non-BPS configuration, breaking supersymmetry at the string scale, with no parameter to tune in order to recover supersymmetry. Notice that in contrast to the well-known brane-antibrane pair, the antibrane-exotic O-plane configuration has no tachyon excitation in the open spectrum, fact reflecting the impossibility of this configuration to annihilate and disappear into the vacuum. The dynamics of this and related systems [69] is, to our knowledge, still an open question. In this class of models we are forced to live with a dilaton tadpole. There is a singlet in the open string fermionic spectrum which can be correctly identified with the goldstino realising a nonlinear supersymmetry on the antibranes. Th complete effective action can be worked out and checked to be consistent in the cases explicitly worked out [33] . The spectrum is free of gauge and gravitational anomalies. The effective action contains the bosonic terms
The coupling to the dilaton reflects that antibranes couple to NS-NS fields in the same way as branes, while O − planes couple with a flipped sign compared to O + planes. The NS-NS tadpoles generate scalar potentials for the corresponding (closed-string) fields, in our case the (10d) dilaton. The dilaton potential reads
and in the Einstein frame is proportional to (N + 32) exp(3Φ/2). It has therefore the (usual) runaway behaviour towards zero string coupling, a feature which is common to all perturbative constructions. Due to the dilaton tadpole, the background of this model is not the 10d Minkowski space. However, it was shown in [68] that a background with SO(9) Poincare symmetry can be explicitly found. In this background, the tenth dimension is spontaneously compactified and the geometry is R 9 × S 1 /Z 2 , with localized gravity. Notice that there is no obvious candidate for the endpoint of the decay to a supersymmetric ground state in this model, contrary to the popular folklore that non-supersymmetric string vacua decay one way or another into supersymmetric ones.
Internal magnetic fields / intersecting branes
Internal background magnetic fields
2 ) can couple to the open string endpoints [23] , carrying charges q
R under H i . Particles of different spin couple differently to the magnetic field and acquire different masses, breaking supersymmetry [24] . Defining π i = arctan(πq
R H i ), the mass splittings of all string states can be summarized by the formula
where n are the Landau levels of the charged particles in the magnetic field and Σ i are internal helicities. Possible values of the magnetic fields satisfy a Dirac quantization condition
R )H i and the resulting mass splittings are inversely proportional to the area of the magnetized torus m 2
2 ) [24] . The spectrum generically contains charged tachyons coming from scalars having internal helicities Σ i = −1 (Σ i = 1) for positive (negative) magnetic field, which can however be avoided in special models. The mechanism can easily accomodate several magnetic fields pointing out in several compact torii and can also be implemented in orbifold models.
After an odd number of T-dualities, as discussed in section 5, internal magnetic fields on open string ends are mapped into rotation of D-branes in the internal space. The internal magnetic field picture is however simpler to use in order to argue, through the magnetic fieldspin coupling, for partial or complete supersymmetry breakdown.
Models with non-BPS configurations or internal magnetic fields are characterized by the fact that all RR tadpoles cancel, while some NS-NS tadpoles are left uncanceled. As discussed in Section 3, the proper interpretation of the NS-NS tadpoles is that scalar potentials are generated for appropriate NS-NS moduli fields. An interesting fact is that, while the low-energy effective action of the Scherk-Schwarz mechanism and brane supersymmetry breaking are well-known, the one for internal magnetic fields /intersecting brane worlds, in case where supersymmetry is completely broken, is still not worked out. At least close to the supersymmetric limit where the supersymmetry breaking is small, one would naively expect an effective supergravity description to be valid. However no completely consistent effective action was written down to the best of my knowledge.
Anomalies and generalized four dimensional Green-Schwarz mechanism
A consistent quantum field theory should have no gauge anomalies. In four-dimensions, this implies
where Q i is the generator of a local (abelian or non-abelian) gauge symmetry and the trace is over the whole chiral fermionic spectrum of the theory. A consistent string theory is also anomaly-free, however anomaly cancelation can be achieved in a non-trivial way. This is mainly due to axionic type fields with nonlinear gauge transformations, whose couplings to gauge fields can produce local gauge variations compensating the Adler-Bardeen-Jackiw triangle anomalies. The simplest example of this type is the so-called "anomalous U (1) X " factor, often present in heterotic string compactifications to four dimensions. In this case, by denoting the gauge group as G = a G a ⊗ U (1) X , where G a are simple gauge group factors, an explicit computation by using the massless spectrum shows that there can be non-vanishing mixed gauge anomalies
where the last anomaly is the U (1) X -graviton-graviton mixed gauge-gravitational anomaly. All the other gauge anomalies have to vanish. However, the values of the mixed anomalies are not independent, but they are related through the relation
where the rational numbers k a , called Kac-Moody levels, define the gauge couplings. In superspace notation, the gauge kinetic function is
where S is the universal dilaton-axion superfield and W α,a denotes the G a chiral gauge superfield. The reason why the anomalies (79) define a consistent theory, as explained in [36] , is the fact that the Kahler potential of S is of the form
and contains a Stueckelberg type mixing δ GS A μ X ∂ μ ImS between the axion ImS and the gauge field. The supergauge transformations which leave invariant the Kähler potential are
The gauge variation of the whole effective action is then
which vanishes precisely when (79) holds. In orientifold models the anomaly cancelation works slightly differently. Let us start by defining the Type I compactification moduli, obtained by a straightforward reduction of the 10d action. By defining complex coordinates i = 1, 2, 3 and the associated components of the metric, g αβ i , α, β = 1, 2 (with the dimension of a squared radius), the dilaton S and the geometric moduli T i , U i for the three complex planes are [74] 
We expect here surprises compared to the heterotic models where at treelevel the gauge couplings are universal, 1/g 2 a = Ref a = k a ReS. For example, in the first chiral orientifold model base on the Z 3 orbifold [18] , the abelian U (1) X factor is anomalous and the mixed U (1) X G 2 a anomalies (C SU (12) , C SO(8) , C U (1) ) = (1/4π 2 )(−18, 36, −432) are incompatible with the standard 4d Green-Schwarz mechanism, involving the S field. The solution to this puzzle was proposed in [20] , in analogy with the generalized Green-Schwarz mechanism found in 6d by Sagnotti [21] . It was conjectured in [20] that the gauge fields in Z 3 do couple at tree-level to a linear symmetric combination M of the 27 closed twisted moduli
Under a U (1) X gauge transformation with (superfield) parameter Λ, there are cubic gauge anomalies. The generalized Green-Schwarz mechanism requires a shift of the twisted moduli field combination M [78, 75] 
such that the gauge-invariant combination appearing in the Kähler potential is M +M − V X . The mixed anomalies in this case cancel provided the following conditions holds
It was shown in [20] that actually the mixed anomalies C a are proportional to tr(Q X γ)tr(Q 2 a γ), where Q X ,Q a are gauge group generators of U (1) X and the gauge group factor G a , respectively. By an explicit check they showed that indeed this proportionality is valid and therefore the fields playing a role in canceling gauge anomalies are the twisted (linear combination of) fields M . Surprisingly, the dilaton S plays no role in anomaly cancelation, since, as trQ X = 0, it does not mixes with the gauge fields. The actual computation of the coefficients s a and (and therefore the check of the overall normalization in (87)) was performed in [75] , by coupling the theory to a background spacetime magnetic field B. The tree-level gauge couplings were computed to be equal to 4π 2 g 2 a,0
where l is the Hodge dual of the axion ReS in (84) . Analogously, the coefficient in (87) can be found from the mixing between gauge fields and the twisted RR antisymmetric tensors, which can be computed by introducing a background magnetic field B for the abelian gauge factor U (1) X . The U (1) X gauge boson becomes massive, breaking spontaneously the symmetry, even for zero VEV's of the twisted fields m k . However, the corresponding global symmetry U (1) X remains unbroken, since the Fayet-Iliopoulos terms vanish in the orbifold limit m k = 0 [77] . The result is
The above discussion generalizes easily for other models, in the case of more anomalous U (1) α (α = 1 · · · N X ) and more linear combinations of twisted moduli fields M k coupling to gauge fields. In this case the gauge kinetic function becomes
and (86) generalizes to
in an obvious notation. Cancelation of gauge anomalies tr(X α Q 2 a ) described by the coefficients C αa asks for the Green-Schwarz conditions
valid for each α, a. The gauge-invariant field combination appearing in the Kähler potential is M k +M k − α kα V α and generates, by supersymmetry, the D-terms
in Planck units M P = 1, where Φ A denotes the set of charged chiral fields of
where here W is the superpotential. Notice that for standard gauge symmetries, commuting with supersymmetry, gauge invariance of the superpotential implies
There is a further subtlety with the anomaly cancellation in the (generic) case of several abelian factors A α which mix between themselves and with string axions a α , the relevant terms in the effective action being
In this case, working for example in a scheme where the anomaly is distributed symmetrically among the abelian currents, it is clear from (93) that anomaly cancellation cannot be achieved if s αβk kγ has an antisymmetric part in the indices β and γ, since the triangle anomaly coefficients C αβγ are symmetric in all indices. In this case, it turns out that consistency conditions ask for the presence of generalized Chern-Simons terms [29] of the form
where the coefficients E αβ,γ satisfy the conditions
Anomaly cancellation is then satisfied provided that
As well known, the fermionic matter content in the Standard Model is completely anomaly-free. If in the near future the LHC collider discovers new U (1) gauge bosons with masses in the TeV range and new fermions with an anomalous spectrum, this would be a signal that axionic like fields, coupled to the gauge fields and with nonlinear gauge transformations, should exist and cancel (at least partially, up to generalized Chern-Simons terms) the gauge anomalies. Even if this would not be a proof (indeed, very heavy chiral fermions could produce at low energies a similar effect) ), their discovery would be a serious hint for the existence of an underlying string theory with a Green-Schwarz anomaly cancelation mechanism.
Moduli stabilization
Moduli stabilization is one of the major problems in string phenomenology. Indeed, in supersymmetric compactifications moduli fields are massless and correspond to flat directions in the scalar potential. Very often, supersymmetry breaking generate runaway moduli potentials which are generically unacceptable due to the induced time dependence and rolling of the moduli towards uninteresting configurations. Whereas part of the moduli fields can be stabilized in a perturbative manner, some of them and most notably the 10d dilaton asks clearly for going beyond perturbation theory. We will discuss some related mechanisms in the context of type IIB strings and the Horava-Witten M-theory and also comment on applications to finding de Sitter vacua in string theory.
Flux moduli stabilization in orientifolds of the type IIB string
The Type IIB string has NS-NS fields and RR fields from the closed string sector, of particular relevance for us being the NS-NS dilaton φ, antisymmetric tensor B AB , the RR zero form A, two-form A MN and the four-form A MNP R with self-dual field strength. We consider orientifolds of the type IIB/Ω , where the definition and action of the orientifold projection on the relevant fields is
, where y → −y , even fields : φ, B μm , A, A μm , A μ 1 ···μ 4 , odd fields :
where μ, ν, etc are 4d spacetime indices and m, n, etc are 6d internal indices. The orientifold projection Ω has fixed 4d surfaces corresponding to O3 planes, which by the RR tadpole conditions asks for the addition of a certain number (16 in the absence of fluxes) of D3 branes. Supersymmetric orbifold compactifications contain generically also D7 branes, which can in the most general case be of three different types, depending on which four internal coordinates their worldvolume spans. Even if the fields B mn and A mn are odd under the orientifold projection, their fields strength H 3 = dB and F 3 = dA 2 with all indices in the internal space are even and can therefore support background fluxes. We will define for future purposes
The three-form fluxes satisfy a Dirac quantization condition in the compact space
where (A a , B a ) are dual three-cycles of the compact Calabi-Yau type space and (M a , N a ) are integers describing the various fluxes passing through the available cycles 7 . Giddings, Kachru and Polchinski [84] showed that with the three-form fluxes plus five-form flux F 5 and an appropriate dilaton-axion background, the 10d supergravity field eqs. have a supersymmetric solution provided that the fluxes satisfy a self-duality condition
where * 6 G 3 denote the Hodge dual in the 6d internal space of the complex three-form flux. The self-duality condition (104) can be satisfied only for discrete choices of the dilaton S and also the complex moduli fields U a , which are therefore stabilized by the presence of fluxes [84] . The 10d type IIB supergravity effective action, in the string frame, contains in particular the bosonic terms
where the last term in (105) is written in form language and we omitted other bosonic terms in the effective action irrelevant for the present discussion. The last term in (105) shows that in the presence of fluxes, the RR form, which couples to the D3/O3 localized objects has an additional source which changes the RR tadpole conditions (38) . Indeed, from the five-form field eqs. integrated over the compact space and by using the quantization conditions (103), we get the modified Gauss law
For self-dual fluxes, the flux contribution is always positive and therefore forces the total number of D3 brane to be less than the value without the flux N D3 < 16. This reduces therefore the rank of the gauge group, which is a welcome consequence of the fluxes. The Calabi-Yau spaces have a complex (3, 0) (meaning that it has purely holomorphic indices) form Ω whose integral over the cycles (A a , B a ) are functions of the complex structure moduli fields z α (one example being the field U we defined in section 4)
where X a , F a can be explicitly computed for a given Calabi-Yau space. It was shown [85] that the effect of the three-form fluxes can be nicely encoded in 4d in a contribution to the superpotential
which depends on the dilaton S and the complex moduli fields (z α ) but not on the Kahler moduli fields. The Kahler potential of type IIB orientifold vacua in the lowest approximation is independent of fluxes and is of the form
where the last term defines the Kahler potential of complex structure moduli fields z α . The Kahler potential of Kahler moduli is of no-scale type, satisfying
the simplest and best known example being the case of only one (overall) Kahler modulus described by K(T +T ) = −3 ln (T +T ) .
Generically the flux superpotential (108) stabilizes the dilaton and most or even all complex structure moduli fields. The Kahler moduli remain flat directions and additional ingredients are needed for their stabilisation.
Supersymmetry breaking and moduli stabilization in Horava-Witten M-theory
The example we discuss now is the compactified version of the supersymmetry breaking in Horava-Witten M-theory [37] . As it will become transparent, this mechanism stabilizes the same fields as the type IIB flux stabilization discussed above and is probably a dual version of it. At strong coupling, the ten-dimensional E 8 × E 8 heterotic string becomes M -theory on R 10 × S 1 /Z 2 [37] . The gravitational field propagates in the bulk of the eleventh dimension, while the E 8 × E 8 gauge fields live at the Z 2 fixed points 0 and πR 11 . We write M 11 for R 10 × S 1 and M 10 i , i = 1, 2 for the two fixed (hyper)planes. The gauge and gravitational kinetic energies take the form
where κ 11 is here the eleven-dimensional gravitational coupling and F i , for i = 1, 2, is the field strength of the i th E 8 , which propagates on the fixed plane M 10 i . The compactification pattern of this theory down to 4d is different according to the relative value of the eleventh radius compared to the other radii, that are denoted collectively R in the following. Assuming for simplicity an isotropic compact space, there are two distinct compactification patterns
In the strong coupling limit R 11 > R, there is therefore an energy range where the spacetime is effectively five dimensional. Consider the simplest truncation of 11d supergravity down to 5d, keeping only the breathing mode of the compact space g ij = δ ij exp(σ), and concentrate for simplicity on zero modes only. In this case, the only matter multiplet in 5d (in addition to the 5d gravitational multiplet with bosonic fields (g MN , C M ), where C Mij = (1/6)A M δ ij is a vector field originating from the 3-from of 11d supergravity) is the universal hypermultiplet of bosonic fields (σ, C MNP , a), with C ijk = (1/6) ijk a, whose scalar fields parametrize the coset SU (2, 1)/SU (2) × U (1) [95] . The relevant part of the bosonic 5d supergravity lagrangian is
The compactification from 5d to 4d is on the orbifold S 1 /Z HW 2 , with an orbifold action Z HW 2 whose action on our relevant fields will be defined below. The lagrangian of the universal hypermultiplet can be derived from the 4d Kähler potential [95] 
lifted back to 5d, where S = exp(3σ) + a † a + ia 1 and the axion a 1 is defined by the Hodge duality
The lagrangian (114) has a global SU (2) R symmetry, acting linearly on the redefined hypermultiplet fields
which form a doublet (z 1 , z 2 ). In the gravitational multiplet, the 5d Dirac gravitino is equivalent to two 4d Majorana gravitinos, transforming as an SU (2) R doublet. One of the gravitini is even under Z HW 2 and has a zero mode (before the Scherk-Schwarz twisting), while the other is odd and has only massive KK excitations. The Z HW 2 projection acts on the hypermultiplet as Z HW 2 S = S, Z HW 2 a = −a, which translates on the SU (2) doublet in the obvious way
The Horava-Witten projection then asks for using the U (1) R subgroup of SU (2) R and the corresponding Scherk-Schwarz decomposition reads [42] 
corresponding to the Scherk-Schwarz matrix M = iωσ 2 . Notice that, thanks to the anticommutation relation {Z HW
2
, M} = 0, the fieldsẑ i have the same Z HW 2 parities as the fields z i . The 4d complex superfields of the model are S (with the zero mode a = 0) and T , where T = g 55 + i C 5 and the axion C 5 is the fifth component of the vector field in the 5d gravitational multiplet. The resulting scalar potential in 4d in the Einstein frame is computed from the kinetic terms of the (ẑ 1 ,ẑ 2 ) fields derived form (115). After putting z 2 = 0 at the zero mode level, the result is
where a, b = 1, 2 and K ab is the inverse of the Kähler metric K ab = ∂ a ∂bK. This result is interpreted as a superpotential generated for S. The 4d theory is completely described by
Notice that the superpotential corresponds to a non-perturbative effect from the heterotic viewpoint. The minimum of the scalar potential is S = 1 and corresponds to a spontaneously broken supergravity with zero cosmological constant. The order parameter for supersymmetry breaking is the gravitino mass m 2 3/2 = e K |W | 2 = 2ω 2 /(T + T † ) 3 . In 4d supergravity units, by using the relation between the 5d Planck mass M 3 5 = 1/k 2 5 and the 4d one tM 2 5 = M 2 P , we get m 3/2 = ω/R 5 , where R 5 is the radius of the fifth coordinate R 5 = tM −1 5 . The Goldstone fermion is the fifth component of the (Z HW 2 even) 5d gravitino Ψ 5 . The resulting models are of no-scale type [96] .
A general Calabi-Yau compactification of Horava-Witten M-theory, on a CY space of Hodge numbers h (1, 1) , h (2, 1) contains, from a 5d viewpoint, in addition to the gravity and the universal hypermultiplet, a number h (1, 1) of vector multiplets whose 5d bosonic components are (A Mij , g ij ) with detg ij = 1 and h (2, 1) hypermultiplets (g ij C ijk ). The SU (2) R symmetry acts non trivially on the fermions of the vector multiplets and on the scalars of the hypermultiplets. As a result, the Scherk-Schwarz along the 5th dimension generate a scalar potential for the hypermultiplets, which are the dilaton and the complex structure moduli. Some explicit examples were worked out in the second paper of [42] . For example, for a CY space of Hodge numbers (h (1, 1) , h (2,1) ) = (3, 3) , the resulting effective action is described by
Due to the generalized dimensional reduction, there are background values for G μνρσ , G 5ijk , G 5ijk . The qualitative relation with the type IIB flux compactifications goes as follows. The heterotic M-theory compactified to nine dimensions is M-theory on S 1 × S 1 /Z 2 , which can be also interpreted, by reversing the two circles, as type IIA compactified on S 1 /Z 2 , the so-called type I' theory. From the type IIA viewpoint, the Scherk-Schwarz background fluxes are the RR 4-form field strength and the 3-form NS-NS one. By a sequence of five T-dualities, the RR fluxes are mapped into type IIB fluxes of various ranks, including 3-form flux, whereas the NS-NS 3-form flux is still present. This argument is only of qualitative value, since T-duality in the presence of fluxes are involved.
Moduli stabilization and de Sitter vacua
Stabilisation of all moduli is mandatory for any application of string theory to low energy particle physics phenomenology and cosmology. However, it turns out that, even if this is realized, generically the resulting vacuum energy is negative, whereas recent observations bring more and more evidence that the vacuum energy is very tiny but positive. Recently there were attempts based on toy models, like the KKLT scenario [86] and variants of them [87] , to obtain de Sitter vacua, which we describe in the following. These toy models starts with Calabi-Yau flux compactifications of type IIB orientifolds with D3 and D7 branes, with one Kahler modulus. The generic effect of the fluxes is to stabilize the dilaton and the complex structure fields. If the fluxes break supersymmetry, under some assumptions these moduli fields can be considered to be heavy and integrated out, procedure which, by using (108) can generate a residual constant W 0 in the superpotential. The gauge couplings on D7 branes at lowest order are given by the Kahler (volume) modulus T . Nonperturbative gaugino condensation on D7 branes or D3 brane instantons can generate a nonperturbative superpotential for T . The Kahler and superpotential of the resulting model is of the simple form [86] K = −3 ln(T +T ) , W = W 0 + a e −bT .
The resulting scalar potential is no longer of the no-scale type and has a stable AdS minimum for the volume type field T . Notice however a generic feature of this scenario. The effective theory analysis is valid in the large volume limit t = Re T >> 1, in which case it can be shown that the flux induced masses are much lighter than the KK masses, which are in turn much lighter than the fundamental scale
Then the nonperturbative effects generate a small superpotential which by minimization, asks for small values of W 0 . A similar problem does occurs in the heterotic strings, where W 0 is provided by the quantization condition of the antisymmetric tensor and is (up to some 2π factors) an integer. In the type II strings case, the novelty is that there are many different possible fluxes available and W 0 receives many different contributions. Models with many fluxes have a large number of vacua, generating the so-called landscape of string theory [8] , whereas W 0 varies from one vacuum to another. A small number of these vacua can have W 0 << 1 and for some (anthropic ?) reasons our universe could choose one of these vacua. This combination of nonperturbative effects stabilizing moduli with the landscape anthropic type arguments generated recently a slight shift in the perspective on various problems like the cosmological constant, the hierarchy problem and the scale of supersymmetry breaking. The next step undertaken in KKLT is the lifting of the AdS minimum to a dS metastable one by adding by hand D3 antibranes. This uplifting does not admit a spontaneous supersymmetric realization and can at best be described as a nonlinear realization of supersymmetry. Another proposal using D-terms generated by internal magnetic fields on D7 branes was subsequently put forward in [87] , where however the effective lagrangian was inconsistent with gauge invariance. It is also simple to show that there is not possible to uplift a supersymmetric anti de Sitter vacuum to a de Sitter one by D-term contributions [88] . Indeed, we already saw previously that the general expression for D-terms in supergravity is
where M k are moduli fields with nonlinear gauge transformations. On the other hand, on a flat 4d background, G A and G k are a measure of the F contributions to supersymmetry breaking
More recently, another simple proposal was made in the first reference in [90] using a Dterm coming from an R-symmetry, with a corresponding FI term composed of a constant and a T field-dependent pieces. In this last proposal the minimization forces the nonperturbatively generated superpotential to have values close to the Planck scale, which is rather unnatural. To our knowledge, a satisfactory uplifting to a dS metastable vacuum still lacks in the literature. We attempt here to provide one possible consistent framework to achieve this goal, by using the D-terms of an anomalous abelian U (1) X gauge group with a Green-Schwarz mechanism, by following the effective lagrangian analysis in [89, 90] . The minimal example has an anomalous U (1) factor which generate a T -dependent Fayet-Iliopoulos term and a charged (of charge −1 for simplicity) field φ. There is a hidden sector with gauge group SU (N c ) and N f < N c flavors Q i a ,Qā j , with i,j denoting the flavor index and a,ā the color index, of U (1) X charges q,q on D7 branes, generating nonperturbative effects by gaugino and matter condensates. The nonperturbative degrees of freedom in the effective theory are the mesons
The dynamical scale of the theory is
whereas the effective lagrangian of the model is
Under gauge transformations, T transforms non-linearly
and fixes the gauge invariant combination T +T − δ GS V X in the Kahler potential. Notice that the nonperturbative superpotential cannot come from a pure super-Yang-Mills sectors without matter, since the exponential a exp(−bT ) is not U (1) X gauge invariant. It can be checked however [89] that the meson charge is precisely such that the nonperturbative meson superpotential is gauge invariant. The scalar potential contains a D-term
It is easy to see the supersymmetry is necessarily broken in the model. The resulting vaccum energy cannot be computed exactly analytically, but under some approximations it can be checked that in a certain region of the parameter space there are consistent de-Sitter metastable vacua solutions. There is a generic problem, however, in this framework, to get a D-term uplifting compatitible with a TeV scale gravitino mass. Quantum corrections to the Kahler potential, worked out in different contexts in [98, 99] and invoked in the last reference in [90] , seem to be instrumental in solving this problem.
